ABSTRACT: The morphology in mixed bulk-heterojunction films are compared using three different quantitative measurement techniques. We compare the vertical composition changes using high-angle annular dark-field scanning transmission electron microscopy with electron tomography and neutron and x-ray reflectometry. The three measurement techniques yield qualitatively comparable vertical concentration measurements. The presence of a metal cathode during thermal annealing is observed to alter the fullerene concentration throughout the thickness of the film for all measurements. However, the absolute vertical concentration of fullerene is quantitatively different for the three measurements. The origin of the quantitative measurement differences is discussed.
INTRODUCTION Thin films of phase separated mixtures of polymer:fullerenes known as bulk-heterojunctions (BHJs) have long demonstrated their potential as highperformance organic photovoltaic materials. Structural studies of BHJs have determined that local molecular ordering strongly influences many characteristic properties of the film. 1, 2 Achieving the optimized domain-size, mutualmiscibility, and domain connectivity have been shown to be of principal importance in optimizing a given material system. [3] [4] [5] [6] [7] [8] [9] However, the morphology perpendicular to the substrate plane is typically not well characterized. As this is the direction of charge transport, it seems there is a gap in the understanding of how morphology can affect characteristic device properties. Recently, increased attention has been given to the vertical profile of the materials in a device, but conflicting results of the measured material profile are common. [10] [11] [12] [13] [14] This is likely due to differences in sample preparation, but also to the uncertainties in the measurements themselves and over-interpretation of the extracted profiles.
The surface energy of the substrate has been shown to strongly affect the vertical material profile. [15] [16] [17] [18] [19] [20] Both the orientation of polymer chains and distribution of materials can change based on their interactions with the underlying substrate. 1 Recently, neutron (NR) reflectometry measurements have shown that a metal cathode, capping the BHJ film during annealing, also affects the vertical material distribution within the BHJ. 15 In a 1:1 by weight poly(3-hexylthiophene):-phenyl-C 61 -butyric acid methyl ester (P3HT:PC 61 BM) BHJ film, enrichment of the fullerene component at both interfaces occurs upon thermal annealing in a metal capped film. With no capping metal, only enrichment at the substrate interface occurs (and to a lesser degree) and a polymer skin layer is reported to form at the air interface.
14 NR is the only measurement technique which can measure through the metal electrode. Without the metal present, it is not possible to distinguish between the P3HT skin layer and the sample's surface roughness. We compare several measurement techniques here to remove the uncertainty associated with data fitting, sample geometry, or contrast within the sample.
The most widely used tool to measure vertical material profiles is reflectometry, either NR or x-ray reflectometry (XRR). Typically only one of these techniques is used for characterization, but as this work will demonstrate, it is difficult to obtain absolute quantitative results by relying upon a single measurement technique. Moreover, the accuracy of the extracted profile strongly depends upon the quality of the data acquired, as well as the uniqueness of the fit. The quality of the data can be affected by sample quality, such as inplane inhomogeneities, sample flatness, surface roughness, and differences in the beam footprint. These can all affect the accuracy of the fitted profile. Here, we compare the results of three separate techniques measuring the same samples* and observe quantitative differences between each measurement technique [The samples for the NR and XRR were the exact same physical samples, but separate samples were necessary for electron tomography (ET), these were made with identical preparation conditions.] The uncertainties within each technique are discussed and compared. The quantitative differences observed demonstrate that techniques utilizing under-determined solutions to fit measured data (which all three techniques used are) must be interpreted with care, the use of multiple measurements together is recommended for the most reliable quantitative results.
One difficulty with measuring P3HT:PCBM BHJ mixtures is that the components lack the necessary contrast for many measurements. X-ray reflectometry, ET, and visible light ellipsometry are all difficult to use quantitatively because of this fact. We therefore turned to the use of endohedral fullerenes which provide much better contrast compared to PCBM for x-rays and electrons. By utilizing Lu 3 N@C 80 -PCBEH in lieu of PCBM, we are able to perform NR, XRR, and ET with sufficient contrast to compare the results of vertical profile measurements. High-angle annular dark-field scanning transmission electron microscopy with ET is performed using the discrete algebraic reconstruction technique (DART) for increased accuracy. [21] [22] [23] [24] The advantage of using ET over reflectometry is that three phases can be distinguished as well as in-plane morphology information. An increase in mixed-phase presence at the substrate interface is observed in samples heated with a metal cap present. NR and XRR are not able to distinguish mixed and pure phases within the same volume.
EXPERIMENTAL

Sample Preparation
The samples prepared for NR and XRR were 10:13 and 10:19 by weight P3HT:Lu 3 N@C 80 -PCBEH (65 kDa from Plextronics and from Luna Innovations Inc., respectively) solutions in chlorobenzene, spin-cast on Si wafers with a native oxide (solution was held at 60 C until deposition to achieve a smooth surface). The samples were then placed in a thermal evaporator and 40 nm of Ca was deposited. The samples were then annealed on a hot plate at 150 C for 5 min. After heating the Ca was removed with a generous amount of deionized water. The entire preparation was done within a nitrogen atmosphere. These exact physical samples were measured using both NR and XRR.
For ET, the samples had to be prepared such that the BHJ layer could be removed from the substrate, so they could be picked up by a TEM grid. For this purpose, poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) was used as a sacrificial layer. PEDOT:PSS was first spin-cast onto glass substrates in air at 2500 RPM for 60 s, then heated for 5 min at 110 C and transferred into a nitrogen glove-box. A 20 mg/mL solution of P3HT:Lu 3 N@C 80 -PCBEH was subsequently spin-cast onto the substrate at 60 C at 1000 RPM. Two of the three ET samples (the Ca capped films) were placed into a thermal evaporation chamber and 40 nm of Ca was deposited. All three films were then annealed at 150 C for 5 min. The Ca capped films were then washed with water as done with the NR/XRR samples. The films were then scratched to obtain a small section and this was subsequently floated off in water and transferred onto 200 mesh lacey carbon TEM grids for imaging.
NR Measurement
NR measurements were performed using the Surface Profile Analysis Reflectometer (SPEAR) at the Lujan Neutron Scattering Center at Los Alamos National Laboratory. The NR beam is obtained from a spallation source and after moderation by liquid H 2 . The wavelength on SPEAR used neutrons ranged from 4.5 to 16 Å. Specular reflection is recorded by a position-sensitive time-of-flight (ToF) detector. Reflectivity is then calculated as the ratio of the intensity of the reflected beam to the incident beam. In a ToF instrument, the neutron's momentum, and therefore its wavelength, is determined by measuring the time it takes the neutron to travel the length of the instrument. During the NR experiment, neutrons impinge on a sample at a small angle, h, and the ratio of elastically scattered to incident neutrons is measured. This ratio is defined as the reflectivity, R, and is measured as a function of the momentum transfer vector, Q. In case of specular reflection, Q z 5 4psin(h)/k.
The analysis of data obtained from a single incident angle provides a limited Q z range. Therefore, our NR measurements were performed at three different incident angles (h 5 0.5, 1.0, and 2. 6 , respectively) to gain a maximum usable Q z range of about 0.25Å 21 . Analysis of specular reflectometry data provides information regarding the coherent scattering length density (SLD) distribution normal to a samples surface. SLD is a value uniquely determined by the physical and chemical nature of a material. The resulted SLD profile is essentially the chemical/density distribution profile as a function of depth perpendicular to the sample surface.
XRR Measurement
Specular XRR measurements were performed on a Philips XPERT diffractometer using Cu-Ka X-ray radiation (k 5 1.5418 A). The incident beam is focused with a curved mirror into a 4 bounce Ge [220] crystal monochromator before being incident onto the sample. The reflected beam is further conditioned with a 3-bounce Ge [220] crystal monochromator ensure the specular condition. The angular reproducibility of the goniometers that control the sample rotation and angular position of X-ray detector was 0.0001 . The reflectivity was collected at 25 C under vacuum for all samples. The footprint length was varied in the range of (5-35) mm during XRR measurement.
ET Measurement
The tilt series used for reconstruction were performed on a JEOL 2100 F at 200 kV. A minimum of 665 was recorded for each sample in 1 increments. Reconstructions were performed using the DART and three gray levels. Film thicknesses were measured via a surface profilometer and subsequently used in the reconstructions. The locations of the top and bottom of the film had to be manually selected (keeping the measured thickness). Film shrinkage was assumed to be negligible and was difficult to measure experimentally due to some build up of surface contamination (see Supporting Information for how this was dealt with). Gray levels were selected based on those which minimized the difference between the forward projected reconstruction and the original images (i.e., projection error). The gray levels selected correspond to pure P3HT regions, mixed P3HT/ fullerene regions, and fullerene-rich regions. 21 More details on the imaging and reconstruction process are given in the Supporting Information and Refs. 21 and 22.
RESULTS AND DISCUSSION
To obtain quantitative results from a fitting technique, constraints must be placed upon the fit, which force compliance with mass-conservation. All of the fits used in this work are constrained so the volume percentage of the components corresponds to the mass input of the samples (see Supporting Information for more details). The SLD and density of the pure components must therefore must be known. A density of 1.1 and 2.07 g/cm 3 were used for P3HT and Lu 3 N@C 80 -PCBEH, respectively. The latter was back calculated from the measured XRR SLD of a pure, spin-cast film. Using this measured density, the NR SLD of pure Lu 3 N@C 80 -PCBEH was calculated (see Supporting Information). In these analyses, zero volume change due to mixing is implicitly assumed.
First, to confirm that enrichment of fullerene at the interfaces occurs when the films are heated with a metal electrode present, vertical concentration profiles (VCPs) were extracted from ET measurements. Figure 1 shows the measured VCP of fullerene as a function of normalized film thickness for different films and measurement techniques. The left-hand side of the plot corresponds to the top of the film (either the metal or air interface) and the right-hand side of the plot corresponds to the substrate interface. Comparing the ET measurements [ Fig. 1(b) ] with previously extracted profiles from 1:1 by weight P3HT:PCBM mixtures [ Fig. 1(a) ], a similar enrichment of fullerene at both interfaces can be observed. A similar qualitative shape is observed in both measured samples, the double hump of the uncapped sample is reproduced in the ET profile as well as increased fullerene content at the interfaces is observed in all the capped samples. There are clear quantitative differences between the NR and XRR profiles. Recall that these were the exact same physical samples measured with both NR and XRR. Clearly, some degree of uncertainty exists in these measured profiles.
For the 10:13 sample, the top interface has about a 10% difference in fullerene content, but the buried interface measures about 15% higher in the XRR profile and rapidly decays toward the center of the film. For the 10:19 film, the NR measures a higher fullerene content at the top interface and the buried interface decays rapidly toward the center. Additionally, the level of fullerene in the center of the 10:13 film is about 5% different, where a 15% difference is present in the 10:19 film. The drop in the concentration at the top surface seen in the reflectometry profiles is likely due to surface roughness, not from a P3HT skin, but for these measurements the determination cannot be made. Lastly, the XRR profiles exhibit larger fullerene content at the buried interface, where the NR profiles show larger fullerene content at the top interface. These vertical fit profiles all minimized the v 2 error between theory and measurement and yet are vastly different between the two techniques. With the fitting differences in the NR and XRR VCP profiles, the ET measurements now seem less likely to be from quantitative differences in actual VCP, but from some sort of measurement bias. We will now discuss some of the differences in the measurements, sample preparation, fitting procedures, and cause of uncertainties.
Sample and Measurement Uncertainties
Clearly, the three measurements of the P3HT:Lu 3 N@C 80 -PCBEH are qualitatively the same. The 10:19 sample has increased fullerene content at the top interface compared with the 10:13 samples, and all have increased fullerene content at the substrate interface. Hence, the trend is the same in all three measurements, what are the causes of the differences? At this point, we will belabor technical details of the sample preparation to illustrate how different measurement techniques can be difficult to quantitatively compare and why certain sample preparation conditions were chosen. Important technical details of the sample preparation are:
1. A Si/SiO 2 substrate was used without PEDOT:PSS for NR and XRR measurements because PEDOT:PSS increases the roughness of both the top surface and the substrate interface. The increased roughness makes obtaining a unique fit to the data more difficult. 2. For ET measurement the samples were prepared with a PEDOT:PSS substrate because a water permeable layer is needed to remove the BHJ layer.
3. The Ca layer had to be removed prior to ET and XRR measurement because the Ca strongly absorbs electrons and xrays. 4. The Ca was also removed prior to NR measurement because it oxidizes in air, creating sample roughness. We later found that Ag or Al metal cap can be left on the sample and the uniqueness of the NR fit improves greatly. However, since we required removing the metal for ET measurement, we chose to remove it for comparison with the other techniques as well.
The difference between the reflectometry and ET measurements could have resulted simply because the substrates were different. This could alter the profile since the surface energies are not identical. However, the difference between the NR and XRR measurement fits cannot be for this reason, as they are measurements of identical samples (but with different beam footprints, as will be discussed later). One clear difference between measurements is the sample area probed. ET samples the smallest area with about 1.5 mm 2 the unit should be square micrometers (area not length). By comparison, XRR samples a larger area on the order of several mm 2 and several cm 2 for NR. So, although the samples were identical, the sampled areas were different and this could have a large impact on the data if the films were not homogeneous over the four inch Si substrate. In a more detailed look at the effect of inhomogeneities of the tomographic data, we sub-sampled the tomographic data sets in 280 3 280 nm 2 sections. The difference in most morphological parameters measured was 65%, showing that the film is relatively homogenous. 25 This would likely be true for larger areas as well, however, in the tomographic data any large fullerene agglomerates were avoided in the measurement out of necessity, whereas completely avoiding fullerene aggregates' effects in the reflectometry data is not possible. Discussion of this point in more detail is continued below in section "Reflectometry."
Another effect is the composition of the films. Due to the small quantities of the endohedral fullerene available, the films have an uncertainty in the actual composition of 60.1 (ratio Lu 3 N@C 80 -PCBEH:P3HT). This is due to the resolution of the weighing scale (60.1 mg), which was used for the solution preparation. This uncertainty affects the calculated volume percent fullerene of the ET profiles and reflectometry profiles by about 65%.
Electron Tomography ET and reflectometry measurements are acquired in orthogonal geometries. Samples for reflectometry are films on a substrate that are probed at low incident angle while samples for ET are unsupported films that contact the electron beam at 90 6 65 incidence (with 90 being normal to the surface). The result is that reflectometry is more sensitive to information in the vertical plane of the film while ET is much more sensitive to features in the lateral plane of the film. ET cannot perfectly reconstruct a 3D film volume because information is missing from tilt angles at low incidence angle to the film. 26 Figure 2 illustrates the effect of missing angles by reconstructing a slab of three different gray values using the simultaneous iterative reconstruction technique (SIRT, a subroutine of DART). More information is gained in the reconstructed object about the original object when a higher tilt range is used to probe its volume. DART is an improved numerical reconstruction technique that can recover a more accurate image from an under sampled volume (see Ref. 24 for details of reduced elongation), but some information may still be lost. Since our tilt series were acquired with a maximum tilt range of 670 , this is certainly a contributing factor. It must be noted that the elongation of the reconstructions shown in Figure 2 are much greater than would be obtained in our reconstructions utilizing DART, Figure 2 is simply shown to illustrate the effect of the missing wedge.
An additional feature, which makes the exact quantification of the VCP difficult by ET is the geometry which must be assumed by the reconstruction process. To obtain accurate information from the DART algorithm for this type of sample, the film must be assumed to be a flat slab with smooth parallel sides (a more detailed description of the process is included in the Supporting Information). In reality, slight deviations from this can be present such as surface roughness or wrinkles in the film. Any of these features are lost in the assumed geometry. This is illustrated in Figure 3 . Avoiding these artifacts is quite difficult because these types of features are not able to be seen when collecting the tiltseries. Any roughness and undulations in the thickness will result in a smearing out of the VC profile, which is what is seen in the ET data (compared with the reflectometry profiles). We estimate the roughness of the film (in the area measured for ET) to be 5 nm [The surface roughness of P3HT:PCBM films has been reported to be from a few nm up to 10 nm, depending on processing. 4, 27 The roughness of films in this study were comparable (data not shown)].
Additional measurement uncertainties come from the gray level selection. Ideally, the gray level for the pure materials would be measured separately and used as inputs, then only the mixed phase gray level would be fit. This would ensure further accuracy, but unfortunately it is not possible to prepare a homogeneous film of amorphous P3HT: Lu 3 @NC 80 PCBEH that would have a density and mixing ratio that is identical to the mixed domains between crystalline-P3HT and Lu 3 @NC 80 PCBEH-rich domains. Despite these shortcomings the overall trend of the vertical profile from ET is qualitatively consistent with other measurements; hence, it is certainly sensitive to changes in the vertical profile. Most importantly local morphology information is also available through ET and the contribution of each phase to the vertical profile can be explored, something not possible using NR or XRR. This will be explored further in section "Additional information extracted from ET."
Reflectometry
In contrast to ET, reflectometry techniques are much more sensitive to density or concentration changes in the vertical direction and average over a large enough area so that effects of thickness undulations and surface roughness are averaged out. However, to get accurate information from reflectometry, knowledge of the correct model to be used in the fitting process is needed. Multiple profiles and models can result in very similar "goodness of fit" (v 2 ). This was certainly observed when performing fits on these data. Although overall the shape of the fits extracted were similar for the lowest achievable v 2 values, it was certainly possible to add more layers and achieve slightly lower v 2 . Similarly, the v 2 could be lowered by considering nonphysical mass distributions/ratios.
The quality of the collected data has a very large effect on the extracted profile. The quality is largely affected by the sample itself. For these samples, NR revealed that the 4 diameter Si wafer had a slight bow, resulting in significant increase in the spread of the reflected beam as observed in the 2D detector. To mitigate this problem only the central part of the specular reflection was taken into account during the data reduction. This procedure is equivalent to selecting much smaller footprint of the NR beam on the sample and therefore is less sensitive to sample bending and possible, long-length, sample in-plane inhomogeneities.
Despite data reduction, the sample area on which the NR beam impinges is still much larger than that with XRR. Since there is a small angular distribution in the beam the interaction length of the beam with the sample is longer in the direction of the beam (4 cm for NR and 5 mm for XRR). In the reflectometry samples, we observed areas which seemed to contain large fullerene aggregates. Therefore, obtaining data from an area which was completely free of these aggregates with NR was not likely. However, since the interaction area is much smaller in XRR the sample was able to be positioned so the inclusion of these areas was less likely. This is one possible explanation for part of the discrepancy in the extracted profiles. Our attempts to fit both datasets simultaneously did not yield acceptable results; this is most likely due to the differences in measured area (beam footprint).
A final note regarding reflectometry data is that NR has the capability to measure to a higher Q/Q c , where Q c is critical momentum vector. This makes it more susceptible to roughness and since it measures over a larger area, it is more accurate for homogenous samples. However, in the case of these samples, with the observed in-plane inhomogeneities, we believe that the XRR profile is more representative of the true profile.
The extracted profiles have a larger discrepancy than might be expected for the measurement of the same samples. We therefore make the recommendation that multiple measurements of the same samples be performed in order to ensure that the extracted profiles are reliable. Moreover, use of a second technique can serve as an error-check, and help identify less-reliable data, as in this case with the NR data.
Sample Stability
We have stated that the same sample was used for both NR and XRR. There was >2 months of time between the measurements. It is reasonable to ask whether the samples might have changed in that time. Unfortunately, this question cannot be answered with NR and XRR on this sample. But, a measurement of the thermal stability of the sample was made. NR data was collected twice for both reflectometry samples. First, as stated in the "Experimental" section, the sample was heated with the Ca electrode present, the electrode was then removed, and the sample was measured with NR. Next, the sample was heated a second time at 150 C for 5 min after the Ca electrode had been removed (it was heated in air), and then NR was measured a second time. Our hypothesis, at the time, was that the P3HT and fullerene would change vertical configuration to match the heated in air (not capped) sample shown in Figure 1(a) .
The NR data (Fig. 4) shows that the reflectance is practically identical after the second heating. This demonstrates that once the sample has been heated and the P3HT and Lu 3 N@C 80 -PCBEH domains have formed, the components have found thermodynamically stable positions and the barrier to diffusion is raised, so the VCP can become "locked in." Even for large values of momentum transfer there is virtually no difference in the reflectance, which we would expect to see with the establishment of a P3HT skin layer at the sample surface. It must be noted that this may not be true for all polymer:fullerene mixtures. In our previous work on P3HT:Lu 3 N@C 80 -PCBEH morphology 21 it was observed that this mixture is very thermally stable even after being solvent annealed at high temperatures for extended periods of time. This was attributed to the fact that the Lu 3 N@C 80 -PCBEH fullerene does not crystallize and so diffusion due to Ostwald ripening is not observed. 21 Hence, we hypothesize that blends of noncrystallizing fullerene with crystallizing polymers are much more likely to have stable VCPs than blends of crystallizing fullerenes with polymers.
Additional Information Extracted from ET
The ET measurements, unlike the reflectometry measurements, also allow for more detailed investigation of the vertical profile through examining individual phases. Figure 5 shows the volume percentage of each phase as a function of the vertical position. This plot shows the local percentage of each phase at a particular slice through the film volume (at each measured position, the total volume at each slice is 100%).
The fullerene-rich phase shows enrichment at the Ca electrode in both the capped samples. This was shown to be caused by the higher surface energy of the fullerene selectively moving to the high energy surface. [15] [16] [17] [18] The fullerenerich phase also shows a decrease at both interfaces in the uncapped sample. The increase in fullerene content at the interfaces is consistent with the reflectometry measurements made here and in other measurements. 10, [13] [14] [15] 19, 20, 28 The presence of the metal seems to affect not only the composition at the metal interface, but also the substrate interface. The exact reason for this is unclear but it has implications for device function. The increase in fullerene phase volume seen at the interfaces of the capped films compared to the uncapped film would likely result in improved electron transport to the electrodes for these films. The increase in fullerene phase volume seen at the interfaces of the capped films compared to the uncapped film would likely result in improved electron transport to the electrodes for these films. The presence of more fullerene at the cathode has been shown to increase charge selectivity. 29 It has also been shown that heating with a capping metal electrode increases the power conversion efficiency more than heating before capping. 8 This was attributed to the metal electrode making better contact with the film and reducing the resistance, but it could also be contributed to by vertical segregation effects enhancing selectivity at the cathode.
The mixed phase in the capped samples is enriched at the PEDOT:PSS electrode relative to the uncapped sample. This largely contributes to the increase of fullerene concentration at this interface (relative, compared with the uncapped). The increase in mixed phase concentration likely results from a combination of undetermined capping metal effects and the mixing of P3HT with PSS at the PEDOT:PSS interface. 30 Here, the P3HT chains would be more likely to be in an amorphous conformation with some which have undergone a redox reaction. Previous studies of P3HT:PC 61 BM devices have shown that there is reduced photocurrent generation near this interface. 31, 32 This data demonstrates that reduced photo-current generation is possibly contributed to by vertical segregation effects, where more amorphous P3HT:fullerene mixture is present near the substrate causing reduced charge mobility and reduced light absorption in the red. 33, 34 Increased recombination rates and charged P3HT traps states quenching excitons could also contribute to the reduced photocurrent generation observed. 31, 35 The P3HT phase has a dip in local concentration near the electrodes in all three films. The rapid sharp increase in pure P3HT concentration within 3-4 nm (0.05 of the normalized thickness) of the interface is due to a reconstruction artifact. This artifact comes from a smoothing step which reduces the gray level of all pixels at the extreme edges, causing more P3HT to be thresholded in the final volume at the top and bottom of the film. This step effectively flattens the features shown in Figure 2 . We chose not to remove this artifact to avoid the possibility of altering other features in the reconstruction. It only affects the very edge voxels and has a minor effect on the overall composition. P3HT seems to aggregate preferentially away from the interfaces.
The decreased presence of the P3HT phase near the interfaces could be attributed to excluded volume effects. The interfaces reduce the available motion of P3HT chains, making it more difficult for the chains to order themselves. In the 10:19 film the pure P3HT volume is about 10% near the interfaces. Hole transport would likely suffer in these regions in the film.
The fraction of pure P3HT domains to total P3HT is about 45% in both the Ca capped samples, but is about 60% in the uncapped sample. This suggests that the metal surface reduces overall P3HT aggregation. The relatively large difference between the surface energy of the P3HT and the metal could cause this, making the P3HT minimize contact, which minimizes the likelihood of a pure phase at the interface. However, this could again be attributed in part to excluded volume effects, where reduced available motion makes it more difficult for the P3HT chains to aggregate.
CONCLUSIONS
The VCP of films of P3HT:Lu 3 N@C 80 2PCBEH were measured using three separate quantitative techniques. The results from each technique were, to some extent, different when the data from a single technique was considered. Despite measuring the same physical samples, the profiles extracted from NR and XRR did not quantitatively align. This is likely due to a number of factors; (i) the probed sample area is different, (ii) differences in sample preparation, and (iii) uncertainties within the extracted profile. The differences between the reflectometry profiles can be mostly attributed to differences in beam footprint and sample inhomogeneities. The ET profile seemed to be smeared out, in comparison to the reflectometry profiles, which can be attributed to missing information and limitations of the reconstruction algorithm, assumptions of the film boundaries, and uncertainties due to sample preparation differences. However, the overall trend of the ET was similar to reflectometry measurements, demonstrating that it is certainly sensitive to vertical profile changes. Additionally, ET data can contain local morphology and phase information, which is not possible with reflectometry methods.
These results demonstrates that the measured morphology of different films should not be assumed to be equivalent unless the fabrication conditions and measurement conditions are, indeed, equivalent. Additionally, multiple measurements of the same sample are necessary to ensure that extracted VCPs are accurate. Simultaneous fitting of multiple datasets is the best way to ensure that an accurate quantitative profile is extracted. This was not possible in this case, but separate techniques enabled problems with one dataset to be identified, which might not have otherwise been found.
In conclusion, over-interpretation of "quantitative" data is something which researchers need to be cautious of. We have shown that measurements of the same samples can result in markedly different extracted profiles and that quantitative information is difficult to determine absolutely. These data demonstrate the need to verify extracted profiles using multiple types of measurements and to fully understand the nature of the data, without over-interpretation.
